November months are notorious for severe weather over the Highveld of South Africa. November 2016 was no exception and a large number of severe events occurred. Very heavy rainfall, large hail and tornadoes were reported. The aim of this paper is to compare the synoptic circulation of November 2016 with the long-term mean November circulation and to investigate some sounding derived parameters. Furthermore, a few of the severe weather events are described in detail. The surface temperatures and dewpoint temperatures were found to be higher than normal resulting in increased conditional instability over the Highveld. Low-level moisture originated over the warm Mozambique Channel and the 500 hPa temperature trough was located favourably over the Highveld; further east than normal. The combination of these factors and weak steering winds resulted in flash flooding on the 9 th while favourable wind shear conditions caused the development of a tornado on 15 November. The favourable circulation patterns and moisture gave rise to an atmosphere in which severe weather was a possibility, and the awareness of such factors is used as one of many tools when considering the severe weather forecast. The consideration of the daily variables derived from sounding data were good precursors for the prediction of severe thunderstorm development over the Highveld during November 2016. It is recommended that an operational meteorologist incorporates upper air sounding data into the forecasting process and not to rely on numerical prediction models exclusively.
INTRODUCTION
November 2016 (henceforth Nov16) saw several severe weather events over the Highveld of South Africa. This was in sharp contrast to the very dry conditions which had prevailed over large parts of South Africa since 2015. The summer rainfall areas of South Africa were in the grip of a severe drought; in the 12 months from July 2015 to June 2016 only a fraction of South Africa received normal yearly rainfall (SAWS, 2017) . The Northern Cape, North West and Free State provinces received less than 50% of their average rainfall. Over the Highveld during this period, rainfall was around 75% of the norm. The media was full of reports of water drives where ordinary people helped to collect water and distribute it to drought-stricken areas . The very dry conditions continued into October 2016 with only isolated reports of good rainfall over the eastern half of the country. The large metropolitan areas in Gauteng all instated water restrictions, as early as September 2016 in the City of Johannesburg but followed soon after by the other metros (City of Johannesburg, 2017) . By 7 November, the Vaal Dam had reached close to 25% capacity and water was released from the Sterkfontein Dam to replenish the water in the Vaal Dam (DWA, 2017a) . The situation was exacerbated as heat waves occurred over the Highveld during late October 2016 with the mean October 2016 maximum temperatures being between 2-4°C warmer than the climate over the Highveld (SAWS, 2016a) .
Severe weather events over the Highveld are not uncommon in November months. One of the worst documented hailstorms in Pretoria occurred on 1 November 1985 (Terblanche, 1985 . More recently, in 2012 and 2013, large hail fell over Gauteng resulting in a dramatic increase in hail-related insurance claims (Piennaar and Dyson, 2015) . Rae (2015) identified 4 supercells in November months over the Highveld between 2007 and 2013. A supercell is characterised by a deep mesocyclone and is an important small-scale weather system (from 2-20 km) as it is often associated with disastrous weather (Moller et al., 1994) . Climate summaries of the South African Weather Service (SAWS) for November months make interesting reading and Table 1 lists a few severe events from 2011 to 2015 over the Highveld. Even in 2015, when rainfall over the Highveld was below normal, severe weather occurred in the form of localised heavy rainfall and hail.
Dyson (2009) indicated that on average there are 3.5 days per November with at least 1 station over Gauteng measuring rainfall greater than 50 mm in 24 h. In January months there are, on average, double the number of days with rainfall of more than 50 mm. There have been 135 days in November between 1977 and 2013 when rainfall exceeded 50 mm in a 24 h period at a station over Gauteng, and in 2001 there was a record number of 10 such days. The highest daily November rainfall over Gauteng at a station also occurred in this month, when 200 mm fell over the extreme southern parts of the province on 26 November. The average monthly November rainfall over the Highveld varies between 80 and 100 mm but increases to around 150 mm on the eastern escarpment.
The aim of this paper is to discuss the severe weather events of Nov16 over the Highveld of South Africa and to demonstrate the circulation anomalies during this month.
METHODOLOGY
In this paper the Highveld is defined as the elevated area over eastern South Africa enclosed by the 1 350 m isohyet ( Fig. 1 ) but confined to the North West, Gauteng and Mpumalanga provinces, as well as the extreme northern parts of the Free State.
The monthly synoptic maps were created with National Centers for Environmental Prediction (NCEP) reanalysis data (Kalnay et al., 1996) and the 6 pressure levels available from 850 to 300 hPa were used for the analysis. NCEP data 
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Satellite data were obtained from Eumetsat (2017a) and visualised through Software for the Utilization of Meteosat Outlook activities (SUMO). Single-channel imagery, such as the high-resolution visible (HRV) and infrared (IR) channel 10.8 µm were investigated including Red Green blue (RGB) combination imagery such as the Day Microphysical (DM), Severe Storms (SS) and Overshooting Tops (OT). The DM RGB comprises of channels 2:4r:9. The SS RGB comprises of channels 5-6:4-9:3-1, and can be used to determine whether a storm is growing rapidly. Bright yellow areas appearing at the cloud top within an orange area are a sign of an active and strong updraft with small ice particles (Eumetsat, 2017b) . The OT RGB comprises of channels 5-9:8-9:5i and can be used to determine the presence of overshooting tops, which display as small, isolated, bright white areas appearing during thunderstorm formation (De Coning, 2014) .
RESULTS

Weather and rainfall during November 2016
Even though November months over the Highveld are known for severe weather, Nov16 had an anomalously high number of events (Table 2 ). Information about the events was obtained from SAWS Climate Summary publications, as well as social media sources, but was confirmed by investigating alternative data such as radar, satellite images and synoptic maps. Photo evidence gathered from social media outlets was also a contributing factor to including the event. Tornados were reported on 5 days and occurred over the elevated areas of the Witwatersrand and escarpment of Mpumalanga. Other hazards include strong winds, hail and heavy rainfall. The tornado at Grootvlei on 15 November will be discussed in detail later. Table 3 shows some of the stations over the Highveld where more than 50 mm occurred in 24 h in Nov16. The highest rainfall totals were reported early in the month. At Vanwyksdrift on the 7 th , the long-term monthly average rainfall for November (112 mm) was almost matched with the measurement of 110 mm within 24 h. The next closest occurrence of a daily event almost matching its long-term monthly average was at OR Tambo International Airport, which received 90 mm on the 9 th . This was the third-highest rainfall reported at the airport since 1978 and is indicative of the severity of the event, as reports of extensive damage and loss of infrastructure, and the tragic loss of life of a young child dominated the news (News24, 2016) . It is interesting to note the isolated nature of the heavy rainfall as only 8 mm was reported on the same day at the Johannesburg Botanical Garden, which is approximately 24 km west of OR Tambo International airport. This weather event will be discussed in more detail later. On the 25 th , Ermelo Weather Office recorded 53 mm, with 43 mm recorded on the 27 th . The monthly Nov16 rainfall at Ermelo was 259 mm which is close to 3 times the November average.
Synoptic circulation and sounding parameters during November 2016
Synoptic maps of Nov16 are compared to the long-term mean November circulation. Considering the circulation patterns at 850 hPa, a trough over the western interior and a high over Mozambique are characteristically found during November (Fig. 3) . During Nov16 the circulation does not vary much from the long-term mean but a closed low is present over the central interior and the high over Mozambique is 5-10 gpm stronger than the long-term November mean. This high also stretches further north into the southern parts of the Heavy rainfall and strong wind* Chrissiesmeer, Dullstroom 29 Tornado* Mozambique Channel resulting in slightly stronger moisture bearing north-easterly winds into the Highveld. This north-easterly flow is also reflected in the sounding parameters (Table 4) where the average 800-600 hPa northerly component (negative values) of the meridional wind is stronger than normal. The sea surface temperatures in the central Mozambique Channel were close to 29°C in Nov16 and 0.5-1.5°C warmer than the long-term mean (NOAA, 2017). The blue contours in Fig. 3 show values for Total Static Energy (TSE), which is calculated using Eq. 1. TSE may be used to indicate the properties of an air mass (Dyson and van Heerden, 2002) and the higher values over the Highveld in Nov16 show that the combination of moisture, geopotential and temperature resulted in the airmass being more conducive for the development of thundershowers than the long-term mean would suggest.
where: L = latent heat of condensation, q = mixing ratio, g = gravitational constant, z = geopotential height, Cp= specific heat of dry air, T = temperature.
In Nov16 at 500 hPa the subtropical high was stronger than normal but with the maximum values displaced towards the west over Namibia (Fig. 4) . In general, Nov16 geopotential heights at 500 hPa were higher over the Highveld than the long-term mean and, in correlation, the temperatures were also somewhat higher. Nevertheless, the 500 hPa temperature trough was situated further east compared to the long-term mean and located over the Highveld (contours in Fig. 4 ).
The trough in the 500 hPa temperature field is indicative of advection of cooler air to its east thereby increasing midtropospheric instability. The location of the temperature trough corresponds to the results of Pienaar and Dyson (2015) when investigating the atmospheric circulation during November 2012 and 2013, when large hail occurred over the Highveld. In the sounding data the larger values of temperature lapse rate between the surface and 500 hPa show that even though the temperatures at 500 hPa was slightly warmer than the norm the conditional instability in Nov16 was higher. Other variables which deal with instability were also very favourable during Nov16. The Lifted Index (LI) (Costa et al., 2011) was nearly 3°C (Doswell and Rasmussen, 1994) values were more than double that of the longterm mean for November. Comparing Fig. 5 with Table 4 shows just how favourable the instability parameters were in 2016. The KI and CAPE values for Nov16 were all more favourable than the long-term mean upper quartile, and for the LI than the lower quartile. The increased instability is largely influenced by the above-normal surface temperature and dew-point temperature (Table 4 ). The moisture throughout the troposphere was above normal with precipitable water values during Nov16 that were 2-3 mm higher than the long-term mean (Fig. 5) .
The increased instability is largely influenced by the abovenormal surface temperature and dew-point temperatures (Table  4 ). The moisture throughout the troposphere was above normal, with precipitable water values during Nov16 that were 2-3 mm higher than the long-term mean (Fig. 6 ).
CAPE and wind-shear values are often used together to identify severe storm environments (Craven and Brooks, 2004; Dupilka and Reuter, 2006) . The average Nov16 value of wind shear between the surface and 400 hPa is only slightly larger than the long-term mean November value. However, indicated that wind-shear values peak in October and November months at Irene. The results in Table 4 indicate that the relationship between CAPE and wind shear in Nov16 was optimal for the development of severe storms.
Significant weather events during November 2016
After South Africa having experienced an exceptionally dry period from 2014 to 2016, the frequency of heavy rainfall and severe weather events in Nov16 was not only a welcome break from this dry period but some events caught the attention of the public and media alike. Two such events were the heavy 
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rainfall and resultant flash flooding of 9 November in Edenvale, where multiple media outlets reported that hundreds of motorists found themselves trapped in a deluge of water on one of the countries busiest highways during peak-hour traffic (News24, 2016) . There were subsequent media reports of cars and people being washed away in the flood waters, (Fig. 7) including an infant girl who was tragically ripped from her father's arms and drowned as a result. The other significant event was the tornado near Grootvlei on 15 November, which tracked along a path over open ground, and for which very little damage to infrastructure was reported in the media after the event. This event was well documented on social media due to the impressive funnel cloud which tracked close to a main highway (Fig. 7) .
Flooding in Edenvale, Gauteng, on 9 November 2016
Heavy rainfall is defined by SAWS (2013) as > 50 mm of rainfall in 24 h. Flash flooding or localised urban flooding which results from a thunderstorm would classify that thunderstorm as being severe. In the afternoon and early evening hours of 9 November 2016, motorists and residents around the Edenvale area (geographical positions indicated on Fig. 1 ) in the Ekurhuleni Metropolitan Municipality were subjected to the effects of a near-stationary thunderstorm which developed over the area and resulted in 90 mm of rain falling over a 60-min period at OR Tambo International airport. The copious rainfall resulted in a deluge of water inundating the area, as a thunderstorm developed and remained nearly stationary through its maturity and dissipation. This resulted in unrelenting precipitation (Table  5 ) between approximately 1500 UTC and 1600 UTC, which is the peak rush hour on the roads.
The HRV images (used to identify high-definition cloud features) show that development started at 1430 UTC over the Edenvale area. These cumulus clouds rapidly grew in vertical and horizontal extent between 1430 and 1500 UTC, with the most notable horizontal and vertical growth between 1500 and 1515 UTC (Fig. 8b and c) .
The DM RGB (not shown) is used to distinguish between cloud particle phases (ice or water), and this RGB showed a dominance of small ice particles at the top of the clouds between 1500 and 1515 UTC, which is indicative of a growing storm with an active updraft, carrying new ice to the top of the cloud. The depth of the developing storm is also reflected in the CTT from an infra-red image (measuring thermal properties of clouds), as by 1530 UTC the CTT was measured as approximately −80°C (Fig. 9) . Table 5 shows the 5-min rainfall at OR Tambo International Airport (otherwise known as Johannesburg International Weather Office) between 1500 and 1600 UTC. It is notable that between 1520 and 1540 UTC, a total of 53.4 mm was recorded, with 17.2 mm falling in just 5 min (between 1535 and 1540 UTC). The timing of this increased rainfall coincides well with the growth of the storm as seen on the satellite image, the rapid decrease in CTT and the identification of an overshooting top on the thunderstorm.
Figure 6 The long-term average November precipitable water with deviation of the mean for November 2016 (dashed contours)
Figure 7 Flooding in Edenvale photographed on 9 November 2016 (left) (Photo courtesy of Intelligence Bureau) and the tornado photographed near Grootvlei on 15 November 2016 (right) (Photo courtesy of Kierra Christenson)
Figure 8 Meteosat Second Generation (MSG) High Resolution Visible (HRV) image, valid for 9 November 2016. The storm is still developing at 1445 UTC (a), growing vertically and horizontally at 1500 UTC (b). By 1515 UTC (c) the storm continues to develop and remain stationary. By 1530 UTC (d) the storm has a large horizontal extent, which it maintains until 1545 UTC (e). Copyright (2017) EUMETSAT.
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The sounding parameters for Irene were very favourable for convective heavy rainfall on the 9 th . Notably the KI, which was developed to identify the possibility of heavy rainfall (Henry, 2000) , was close to 50°C and close to the maximum KI ever recorded at Irene (Fig. 5) . The Lifted Index was −5°C and the CAPE 1 446 J·kg -1 . The LI (CAPE) values on the 9 th were more favourable than the lower (higher) quartiles of the long-term mean values in November months at Irene. Note that the average 300-400 hPa wind speed was only 9 ms -1 and significantly less than the long-term November average (Fig. 5) . These relatively weak winds explain the semi-stationary nature of the storms which developed on this day.
Case summary
The combination of a rapidly-developing, slow-moving thunderstorm with a strong updraft and elevated amounts of instability resulted in very heavy rainfall at OR Tambo International Airport on 9 November. On this day the upper air sounding revealed that the average speed of the steering winds was well below average, the instability indices were above average in the presence of favourable wind shear. These combined conditions would have been instrumental in the development on that day of a thunderstorm that was potentially severe in nature. The addition of slow storm speed resulted in the thunderstorm hardly moving, while copious amounts of rain fell over a limited area. The inability for the large amount water on the ground to drain quickly enough due to urban infrastructure, consequently resulted in flash flooding occurring.
Tornado observed near Grootvlei in Mpumalanga on 15 November 2016
A tornado is defined by Goliger et al. (1997) as a violently rotating column of air with small diameter, extending from a thunderstorm to the ground. Tornadoes are not a common occurrence over South Africa (Rae, 2015) , although Gauteng is one of the most likely provinces to experience tornadic activity (Goliger and Retief, 2007) .
On 15 November 2016, at approximately 1315 UTC, a tornado was observed in an open field, near the settlement of Grootvlei (geographical position indicated on Fig. 1 ) in the south-western parts of the Mpumalanga Province. The HRV imagery shows that storm started to develop at around 1200 UTC and by 1245 UTC an anvil was clearly visible, extending from the convective cloud, confirming that the cumulonimbus cloud had reached its mature phase (Fig. 10) . The anvil can be seen as the thinner cloud (i.e., not as brightly white) stretching away from the storm towards the northeast. The IR10.8 µm satellite imagery at the corresponding time reveals that CTT's were in the region of −63°C (not shown).
The SS RGB (used to distinguish the size of ice particles) shows evidence to suggest the rapid ascent of small ice particles (bright yellow colour) to the top of the thunderstorm, which is indicative of a strong and active updraft (Fig. 11) . 
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The upper air ascents analysed for this research are deployed from the Irene Weather Office, where the Irene radar is located (Fig. 2) . The hodograph (Fig. 12) , constructed from the Irene upper air ascent at 0000 UTC on 15 November 2016, shows how the wind backs (turns counter-clockwise) with decreasing pressure. This hodograph depicts significant speed and directional wind shear at Irene. The winds changed from easterly to north-easterly at the surface to south-westerly winds at pressures lower than 700 hPa. From Table 4 it can be seen that the speed shear between the surface and 400 hPa was 11 m·s -1 .
This occurred in an environment which was convectively very unstable as CAPE values were 1 670 J·kg -1 . This value is very high for a November month and more than 1 000 J·kg -1 higher than the long-term November mean (Fig.  5) . These conditions were ideal for the development of severe thunderstorms and even supercells (Rae, 2015) although there is no evidence in satellite imagery or radar data that a supercell developed on this day. The average 300-400 hPa winds were 23 m·s -1 , which is much stronger than the longterm mean (Fig. 5 ) and more than twice as strong as on 9 November 2016.
The vertical cross-section of the thunderstorm in the radar data as detected by the SAWS Irene radar (Fig. 2) at 1248 UTC reveals a weak echo region (WER) on the north-western side of the storm (Fig. 13) . A WER is an area of weak radar echo which is bounded on one side and above by strong echo and occurs above the low-level inflow of the thunderstorm, produced by a strong updraft (AMS, 2017) .
By 1300 UTC an overshooting top is visible on the radar image, directly above the area of the updraft (Fig. 14) . This feature on radar images corresponds to the bright yellow area seen over the south-western sector of the storm in Fig. 11 . Subsequent radar imagery, up to and including 1312 UTC, all show that the highest reflectivity has migrated to the lower reaches of the storm, as the downdraft dominates within the storm. Consulting the radar velocity field, which is a radar measurement of a moving target, which will shift the frequency of the radar signal depending on its speed (Rinehart, 2010) , at 1248 UTC there is an indication of rotation within the storm near to Grootvlei, which can be seen in Fig. 15 below. The presence of rotation within the cloud can be indicative of mesocyclone development.
Case study summary
By only considering satellite imagery for 15 November, it was not evident that the storm in question was at all severe or even significant. The consideration of sounding data taken at 0000 UTC provided information about the state of the atmosphere, which was very favourable for severe thunderstorm development over the Highveld on the day. The large amount of instability in the presence of favourable wind shear resulted in the formation of a severe thunderstorm with evidence of rotation within the storm, as seen on radar imagery. The nature of the low-level inflow also resulted in a WER and overshooting top being detected by the radar. These signatures are typical of severe thunderstorms and were needed to diagnose the severity of the thunderstorm. This case again demonstrates the importance of vertical observations of the atmosphere (using radar and radiosondes) in detecting severe and high-impact thunderstorms. It is shown yet again that satellite data alone is not always sufficient. In cases such as this, the reporting of a tornado by members of the public was invaluable in verifying the presence of severe thunderstorms on the day.
CONCLUSIONS AND RECOMMENDATIONS
Although November is a month where severe weather is recorded and anticipated over the Highveld and north-eastern parts of South Africa, Nov16 proved to be a month where the degree of severity, in terms of rainfall amounts exceeding normal, and the occurrence of tornadoes, seemed higher than one would expect. The TSE values in Nov16 were higher than normal over the Highveld resulting in the air mass being more conducive for the development of thundershowers than the long-term mean. Furthermore the 500 hPa temperature trough was located over the Highveld resulting in a more unstable atmosphere. The general circulation features associated with severe storms over the Highveld should be explored further in order to identify a general trend.
The frequency of the tornadoes in Nov16 can partly be attributed to the relationship between the CAPE and wind shear being optimal for the development of thunderstorms which could spawn a tornado.
The case of 9 November was evidence of the impact that weak steering winds can have on the amount of rainfall affecting an area. The thunderstorm over Edenvale matured and dissipated over a very limited area, releasing in 90 mm of rainfall in 60-min. The inability of this amount of water to drain away caused the highways and roads in the area to flood rapidly, giving motorists, residents and pedestrians little option to escape. On 15 November, the satellite imagery did not indicate the severity of the storm but there were clear signatures on the radar of the severity of the storm. Eye-witness reports confirmed the presence of a tornado. When the sounding data for 0000 UTC is considered, including the variables and subsequent derived products, all data points towards a very unstable atmosphere with a favourable wind shear environment for severe storms to develop. On close inspection of the radar imagery, the presence of a WER, overshooting top and evidence of possible rotation were further verification that a severe thunderstorm had in fact developed.
In both case-study instances, the mean atmospheric conditions gave rise to a pre-existing tendency for the development of severe thunderstorms. Following that, the sounding data for each case study gave overwhelming evidence of the potential for severe weather on both days, which was verified by the occurrence of the flash flooding and tornadic events. The list of severe weather events during Nov16 is extensive, and a similar approach to determining the state of 
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the general circulation patterns, temperatures and moisture is essential to be able to determine the potential for severe weather. In particular, the inclusion of upper-air sounding data proves invaluable when determining whether the atmosphere could support severe storm development and it is recommended that operational forecasters include this data in their daily activities. During November 2016 the capacity of the Vaal Dam rose by nearly 10% from 26.6% to 36.3% (DWA, 2017b) . Some of this water was pumped from the Sterkfontein Dam but the anomalously high rainfall which occurred over the Highveld during this period helped to replenish the water supply and elevate the pressure on the Vaal Dam water system.
